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Abstract

The dopamine D3 receptor is believed to play an important role in regulation of rodent locomotor behavior, and has been proposed as a
therapeutic target for substance abuse, psychotic disorders, and Parkinson's disease. One model of dopamine D3 receptor function, based on
studies utilizing D3 receptor knockout mice and D3 receptor-preferring agonists, proposes that D3 receptor stimulation is inhibitory to
psychostimulant-induced locomotion, in opposition to the effects of concurrent dopamine D1 and D2 receptor stimulation. Recent progress in
medicinal chemistry has led to the development of highly-selective dopamine D3 receptor antagonists. In order to extend our understanding of D3
dopamine receptor's behavioral functions, we determined the effects of the highly-selective dopamine D3 receptor antagonist NGB 2904 on
amphetamine-stimulated and spontaneous locomotion in wild-type and dopamine D3 receptor knockout mice. NGB 2904 (26.0 μg/kg s.c.)
enhanced amphetamine-stimulated locomotion in wild-type mice, but had no measurable effect in dopamine D3 receptor knockout mice. Of a
range of doses (0.026 μg–1.0 mg/kg) given acutely or once daily for seven days, the highest dose of NGB 2904 (1.0 mg/kg) stimulated
spontaneous locomotion in wild-type mice, but was without measurable effect in dopamine D3 receptor knockout mice. These behavioral effects
of NGB 2904 contrast with those described for other highly D3 receptor-selective antagonists, which have not previously demonstrated an effect
on spontaneous locomotor activity. In combination, these data add to the behavioral profile of this novel D3 receptor ligand and provide further
support for a role for dopamine D3 receptor inhibitory function in the modulation of rodent locomotion.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The effects of dopamine are mediated via two receptor
families, the D1 family (D1 and D5) and the D2 family (D2, D3,
and D4) (Civelli et al., 1993; Emilien et al., 1999; Missale et al.,
1998). Dopamine receptor subtypes differ widely in affinity for
dopamine, and therefore in the dopamine concentration range
over which receptor occupancy varies and alterations in cellular
signaling that occur as a result of receptor activation (Richtand
et al., 2001; Richtand, 2006; Vallone et al., 2000). The
dopamine D3 receptor has highest affinity for dopamine, and
is the only dopamine receptor with a low affinity state Ki within
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the concentration range of basal extracellular dopamine levels.
The dopamine D3 receptor low affinity state Ki =30 nM
(Sokoloff et al., 1992), comparable to estimated basal DA
concentrations in rat nucleus accumbens of approximately 3–
5 nM in extracellular space (Kalivas and Duffy, 1993; Parsons
and Justice, 1992) and 50 nM at the synapse (Ross, 1991). In
contrast, dopamine D2 (low affinity state Ki =2 μM) and D1
receptors (low affinity state Ki =2.3 μM) (Sokoloff et al., 1992)
require significantly higher dopamine concentrations to achieve
50% occupancy (Richtand et al., 2001). Dopamine D3 receptor
mRNA and protein are expressed most abundantly within limbic
brain regions associated with modulation of primitive, highly-
motivated and emotional behaviors (Landwehrmeyer et al.,
1993; Levant, 1998; Levesque et al., 1992; Sokoloff et al.,
1990), and D3 receptor protein is expressed on the plasma
membrane independently of synaptic boutons (Diaz et al., 2000).
Therefore, dopamine D3 receptors are well situated with respect
to affinity, extrasynaptic localization, and neuroanatomical
distribution to modulate limbic system intracellular signaling
through volume transmission, signaling fluctuations in basal
dopamine concentrations.

Data from studies using D3 receptor knockout mice support
a model in which dopamine D3 receptor stimulation opposes the
effects of concurrent D1 and D2 dopamine receptor stimulation
at the cellular and systems levels (Xu et al., 1997; Zhang et al.,
2004). The behavioral consequences of D3 receptor stimulation,
however, have not been unambiguously determined. Evidence
from both D3 receptor knockout and pharmacological studies
suggest that D3 receptor stimulation inhibits rodent locomotion,
in opposition to the behavioral effects of concurrent D1 and D2
receptor stimulation (Pritchard et al., 2003; Svensson et al.,
1994; Waters et al., 1993; Xu et al., 1997; Zhang et al., 2004).
However, studies analyzing the behavioral effects of D3-
preferring antagonists in wild-type and D3 receptor knockout
mice observed that both U99194 and nafadotride, compounds
with modest D3 receptor selectivity (14–30 and 10-fold
selectivity for D3 vs. D2 receptors, respectively), had similar
effects on locomotion in wild-type and D3 receptor knockout
mice (Boulay et al., 1999; Xu et al., 1999), suggesting that the
D3 receptor does not modulate rodent locomotion. Data sup-
porting a facilitating role for the D3 receptor in modulation of
rodent locomotion have also been reported (Bordet et al., 1997;
Leriche et al., 2003). However, all the studies cited above used
D3 receptor knockout mice, compounds with limited D3
receptor selectivity, or both. Therefore, concerns about
compensatory adaptations in genetically-altered animals, and
the possibility that D3-preferring antagonists actually mediate
their effects by blocking D2 receptors, complicate the
interpretation of these studies.

Recent progress in medicinal chemistry, however has led to a
growing number of more selective D3 receptor antagonists
(Austin et al., 2001; Grundt et al., 2005), therefore providing
more effective approaches to elucidate D3 receptor behavioral
functions. Highly-selective D3 receptor antagonists, including
SB-277011-A and S33084 (both 100-fold preference for D3 vs.
D2 receptors), did not produce an observable behavioral effect
on spontaneous or stimulant-induced locomotion in rats (Millan
et al., 2000, 2004; Reavill et al., 2000). In order to further
explore D3 receptor behavioral function, we determined the in
vivo behavioral effects of another highly D3-selective antago-
nist (Newman et al., 2005) in both wild-type and D3 receptor
knockout mice.

NGB 2904 (N-(4-[4-{2,3-dichlorphenyl}-1piperazinyl]
butyl)-2-fluorenylcarboxamide), first synthesized and described
by Yuan et al., (1998), is a novel compound with in vitro D3
receptor antagonist activity and is structurally similar to the D3-
preferring partial agonist/antagonist BP 897. Previous studies
have characterized the D3 receptor selectivity of NGB 2904 vs.
G protein-coupled receptors with closest sequence homology to
the D3 receptor: D2 receptor, D4 receptor, and serotonin 5HT2
receptor (Callier et al., 2003). NGB 2904 has 830-fold selectivity
for rat D3 vs. D2 receptor expressed in Sf9 cells (Newman et al.,
2003), 155-fold selectivity for cloned primate D3 vs. D2
receptor (Yuan et al., 1998), 60–90-fold selectivity for human
D3 vs. D2 receptor (Grundt et al., 2005), and greater than 3500-
fold selectivity for D3 vs. D4 receptor (Yuan et al., 1998). NGB
2904 has 160-fold selectivity for rat D3 vs. 5HT2 receptor (Yuan
et al., 1998). Additionally, a global receptor screen indicated
negligible affinity at other binding sites tested, including α1

adrenergic receptors (Yuan et al., 1998). Based on prior
observations that D3-preferring agonists inhibit rodent locomo-
tion (Ireland et al., 2005; Pritchard et al., 2003; Waters et al.,
1993; Xu et al., 1997), we predicted that selective D3 receptor
blockade would result in unopposed D1/D2 receptor-mediated
signaling (Xu, 1998; Zhang et al., 2004), thereby increasing
locomotor activity. We examined the effects of acute and sub-
chronic NGB 2904 administration on spontaneous locomotion
and of acute NGB 2904 administration on amphetamine-
stimulated locomotion in wild-type and D3 receptor mutant
mice. Consistent with an inhibitory role of the D3 receptor in
rodent locomotion, the D3 receptor antagonist NGB 2904
increased basal and amphetamine-induced locomotor activity in
wild-type but not D3 receptor mutant mice.

2. Materials and methods

2.1. Animals

Homozygouswild-type andD3 receptormutant breeding pairs
used to generate themice used in this studywere offspring ofmice
used in previous studies (Xu et al., 1997). Genetic backgrounds of
bothmutant and wild-type mice were C57BL/6 × 129 Sv, and had
been subsequently bred for three generations with C57BL/6mice.
Genotypes of breeder pairs and all offspring used for experiments
were confirmed by PCR as described previously (Pritchard et al.,
2003). Mutant and wild-type mice were housed in separate cages,
with no more than five animals per cage, under controlled tempe-
rature and humidity on a 12-hour light/dark cycle (0500 on; 1700
off). Food and water were available ad libitum. All experiments
were performed using adult, 9–16weeks old (median age for both
genotypes: 12 weeks), male wild-type and D3 mutant mice. All
experiments were approved by the local Institutional Animal Care
and Use Committee and carried out in accordance with the Guide
for the Care and Use of Laboratory Animals.
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2.2. Behavioral testing equipment

Behavioral testing was performed in 30 custom-designed
Residential Activity Chambers. Each chamber consisted of a
lighted, ventilated, sound-attenuated cabinet (Cline Builders,
Covington, KY) housing a 40×40×38 cm Plexiglas enclosure.
A fan in each enclosure provided air circulation and constant
background noise. Lights inside the chambers were coordinated
with the vivarium light cycle, and behavioral testing was
performed during the “lights-on” portion of the cycle (between
0900 and 1700). Locomotion was monitored with a 16×16
photo beam array (San Diego Instruments, San Diego, CA)
located 1.25 cm above the floor of the enclosure. Locomotion
was expressed as distance traveled.

2.3. Drugs

N-(4-[4-{2,3-dichlorphenyl}-1piperazinyl]butyl)-2-fluore-
nylcarboxamide (NGB 2904) was synthesized in the Section on
Medicinal Chemistry, NIDA-IRP, according to the method of
Yuan et al. (1998), and was dissolved by heating overnight to
60 °C in 50% polyethylene glycol 400. d-amphetamine sulfate
(Research Biochemicals, Int., Natick, MA) was dissolved in
0.9% saline. Drug concentrations are described as fumarate
(NGB 2904) or sulfate (amphetamine) salt.

2.4. Procedures

2.4.1. Experiment 1: acute and sub-chronic effects of NGB
2904

Mice were removed from the vivarium and transported to the
testing facility (located in an adjacent building) the day before
testing (at ∼1500). Subjects were placed in the Residential
Activity Chambers and allowed to acclimate for 16–18 h before
drug administration, during which time, lab chow and water
were available. At ∼1000 the following day, food and water
were removed from the chambers prior to drug administration,
so that feeding behaviors would not compete with locomotor
behavior. Mice were injected with one of the following: vehicle
(50% PEG 400), 0.026, 2.6, 260.0, 333.0 or 1000 μg/kg NGB
2904. Subjects were then placed back in the Residential Activity
Chambers, and locomotor activity was recorded for 2 h. After
the two-hour testing period, mice were returned to their home
cages overnight. Injections were repeated once daily for 7 days,
and the distance traveled during the first 2 h on each day was
used to calculate the average distance traveled for the seven-day
period. Each animal received only one dose of NGB 2904 on
day 1 and continued to receive the same dose on all seven test
days.

2.4.2. Experiment 2: effect of NGB 2904 on amphetamine-
stimulated locomotion

In a series of pilot experiments, it was determined that NGB
2904 concentrations in the low microgram range increased
amphetamine-stimulated locomotion (data not shown). The
dose tested in this experiment was derived from these pilot
experiments. Mice were acclimated to the Residential Activity
Chambers for 1 h, then injected with vehicle (50% PEG 400) or
NGB 2904 (26.0 μg/kg). Thirty minutes later, mice were
injected with amphetamine (2.5 mg/kg) or 0.9% saline.
Locomotor activity was recorded for 3 h after the second
injection. We have previously determined that the amphetamine
2.5 mg/kg dose induces primarily elevated locomotor behavior
in both wild-type and D3 receptor knockout mice, with
negligible competing stereotyped behaviors observed (McNa-
mara et al., 2006). All injections were subcutaneous in a volume
of 1.0 ml/kg. Each animal was used for a single behavioral
observation, to avoid alterations in locomotor response through
the effects of behavioral sensitization. The number of D3
receptor mutant mice available for study limited the experiment
to a single NGB 2904 dose.

2.5. Statistical analysis

Data for experiment 1 were analyzed by two-factor ANOVA,
with NGB 2904 dose and genotype as between-subjects factors
and α=0.05. Data were expressed as arithmetic means of
distance traveled for the first 2 h after drug administration,
normalized to the group mean for vehicle response. Where main
effects were significant, pairs of means were compared using
Bonferroni post-hoc tests for multiple comparisons. To
determine whether a change in locomotor response to NGB
2904 developed over the seven-day course of treatment, a one-
way repeated measure ANOVA was performed in each of the
twelve treatment groups (six doses× two genotypes). Day of
treatment (with seven levels) was the repeated factor, and the
natural logarithm of distance traveled over the observation
period was the dependent measure, in order to normalize right-
skewing of the distance traveled data as we have previously
described (Welge and Richtand, 2002). The first day of
treatment was compared to each subsequent day using
Dunnett's procedure for multiple comparisons against a
common control, in addition to the overall F-test for the main
effect of treatment day.

Interval data for experiment 2 were analyzed by mixed-
model ANOVA, with treatment and genotype as between-
subjects factors and time as a repeated, within-subjects factor.
This analysis model accounts for the dependence among
multiple observations on the same animal, although the primary
hypothesis tests are time-averaged contrasts involving the
treatment and genotype factors. Specifically, we tested whether
(H1) the stimulatory effect of amphetamine was increased in
wild-type mice treated with NGB 2904 relative to wild-type
mice treated with vehicle, (H2) the stimulatory effect of
amphetamine was increased in D3 receptor mutant mice treated
with NGB 2904 relative to D3 receptor mutant mice treated with
vehicle, and most critically (H3) whether the NGB 2904 effect
on amphetamine-stimulated locomotion was significantly larger
for the wild-type genotype than the mutant genotype (i.e.
whether the effect described by (H1) is larger than the effect
described by (H2)). Equality of each of the above expressions to
zero was performed with a one-sided test at α=0.05,
implemented with the ESTIMATE facility of SAS PROC
MIXED, version 8.2.
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3. Results

3.1. NGB 2904 increases spontaneous locomotor activity in
wild-type but not D3 receptor mutant mice

Acclimated wild-type and D3 knockout mice were treated
with a single administration of vehicle or NGB 2904 (0.026 μg/
kg–1 mg/kg), and locomotion determined for 2 h following
treatment. As shown in Fig. 1A, there was a significant main
effect of NGB 2904 dose on locomotor activity (F5,135=3.632,
p=0.004), a significant effect of genotype (F1,135=13.053,
pb0.0001) and a significant interaction between treatment and
genotype (F5,135=3.360, p=0.007). Post-hoc analyses revealed
that the highest NGB 2904 dose (1 mg/kg) significantly
elevated locomotor activity in wild-type mice ( pb0.0001).
Lower NGB 2904 doses were not measurably different from
Fig. 1. NGB 2904 stimulates locomotion in acclimated wild-type, but not
dopamine D3 receptor mutant mice. Upper panel A: On the first day of treatment
(acute response), 1.0 mg/kg NGB 2904 significantly stimulated locomotion in
wild-type but not D3 receptor mutant mice. Lower panel B: When distance
traveled was averaged over 7 days of testing, 1.0 mg/kg NGB 2904 significantly
stimulated locomotion in wild-type but not D3 receptor mutant mice. ⁎⁎pb0.01
vs. wild-type vehicle; ⁎⁎⁎pb0.0001 vs. wild-type vehicle; #pb0.01 vs. wild-
type 1.0 mg/kg; ##pb0.0001 vs. wild-type 1.0 mg/kg.

Fig. 2. NGB 2904 enhances amphetamine-stimulated locomotion in wild-type,
but not dopamine D3 receptor mutant mice. Amphetamine treatment increased
locomotion significantly relative to saline in all four genotype (Wild-Type or D3
Mutant)×pre-treatment (NGB 2904 or saline) groups ( pb0.001 in each case).
Upper panel A, wild-type mice: Amphetamine-stimulated locomotion was
greater in wild-type mice pre-treated with NGB 2904 than in wild-type mice pre-
treated with vehicle (t(H1)=2.12, p=0.019). Lower panel B, dopamine D3
receptor knockout mice: Amphetamine-stimulated locomotion did not differ
between D3 receptor mutant mice pre-treated with NGB 2904 and mice pre-
treated with vehicle (t(H2)=−1.28, p=0.897). The difference of these effects
between genotypes was significant (t(H3)=2.43, p=0.009).
vehicle in wild-type mice ( pN0.05). NGB 2904 did not alter
locomotor activity in D3 receptor mutant mice at any of the
doses tested ( pN0.05). The magnitude of locomotor activity in
response to treatment with 1 mg/kg NGB 2904 was significantly
greater in wild-type mice than in D3 receptor mutant mice
( pb0.0001). This was not true for any of the lower NGB 2904
dosages. Locomotor activity data were also analyzed to test for
possible differences in baseline locomotor activity between
wild-type and D3 receptor mutant mice. In this study, there were
no genotype differences in locomotor response to vehicle
injection (data not shown).

Acclimated wild-type and D3 knockout mice were treated
once daily with vehicle or NGB 2904 (0.026 μg/kg–1 mg/
kg)×7 days, and locomotion determined for 2 h following each
daily treatment. None of the later treatment days differed
significantly from the initial baseline day, nor were any of the
twelve overall F-tests statistically significant, demonstrating lack
of a significant change in locomotor response to NGB 2904 over
the seven-day course of treatment with D3 antagonist. The
locomotor response to NGB 2904 averaged over the 7 days of
treatment is shown in Fig. 1B. There was a significant main effect
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of genotype (F1,144=23.072, pb0.0001), and a significant dose×
genotype interaction (F5,144=2.643, p=0.026). There was no
significant effect of dose alone (F5,144=1.670, p=0.146)
(Fig. 2B). The dose×genotype interaction appears to result, to a
large extent, from significantly greater locomotor activity fol-
lowing treatment with NGB 2904 1 mg/kg in wild-type mice
relative to D3 receptor mutant mice ( p=0.001). Between
genotype comparisons were not significant at other dose levels
(pN0.05).

3.2. NGB 2904 enhances amphetamine-stimulated locomotion
in wild-type but not D3 knockout mice

Acclimated wild-type and D3 knockout mice were pre-
treated with NGB 2904 (26.0 μg/kg) or vehicle 30 min prior to
treatment with amphetamine (2.5 mg/kg), and locomotor
activity determined for 3 h following amphetamine injection.
As shown in Fig. 2, amphetamine treatment increased
locomotion relative to saline treatment in all four genotype
(Wild-Type or D3 Mutant)×pre-treatment (NGB 2904 or
vehicle) groups pb0.001 in each case). As predicted in
Hypothesis (1), the amphetamine effect was greater in wild-
type mice pre-treated with NGB 2904 than in wild-type mice
pre-treated with vehicle (t(H1)=2.12, p=0.019). As predicted in
Hypothesis (2), the amphetamine effect was NOT greater in D3
receptor mutant mice pre-treated with NGB 2904 than in D3
receptor mutant mice pre–treated with vehicle (t(H2)=−1.28,
p=0.897). Finally, as predicted in Hypothesis (3), the difference
of these effects between genotypes was significant, i.e. the NGB
2904 effect on amphetamine-stimulated locomotion was
significantly larger for the wild-type genotype than the mutant
genotype (t(H3)=2.43, p=0.009).

4. Discussion

The dopamine D3 receptor has been suggested as a potential
therapeutic target for substance dependence (Caine and Koob,
1993; Heidbreder et al., 2005; Newman et al., 2005; Pilla et al.,
1999), psychotic disorders (Richtand et al., 2001; Sokoloff et al.,
1990, 1992), and Parkinson's disease (Bezard et al., 2003;
Joyce, 2001), and as such, elucidating the behavioral effects ofD3
dopamine receptor stimulation and blockade is of great interest.
Evidence suggests the D3 receptor plays an inhibitory role in the
locomotor response to psychostimulants, likely through opposi-
tion to D1 receptor-mediated intracellular signaling (Xu, 1998;
Xu et al., 1997; Zhang et al., 2004). Until recently, however, the
limited in vitro selectivity of D3 receptor antagonists complicated
interpretation of in vivo behavioral effects. D3-preferring
antagonists, including U99194A (14–30-fold preference D3 vs.
D2) (Clifford and Waddington, 1998; Waters et al., 1994),
nafadotride (9–10-fold preference) (Audinot et al., 1998; Sautel et
al., 1995), (+)-AJ76 (1–6-fold preference), (+)-UH 232 (1–8-fold
preference) (Audinot et al., 1998; Millan et al., 2004; Svensson et
al., 1986), and PD 152255 (45-fold preference) (Corbin et al.,
1998) stimulate spontaneous rodent locomotion. In general, these
compounds increase rodent locomotion at low doses and inhibit
locomotion at higher doses. This biphasic effect is believed to
result fromD3 receptor blockade at low doses, with increasingD2
receptor occupancy at higher doses (Levant and Vansell, 1997).
D3-preferring antagonists have also been observed to augment the
locomotor stimulation induced by amphetamine (Waters et al.,
1993) and cocaine (Piercey et al., 1992) at low doses, but inhibit
the locomotor response to stimulants at higher doses (Waters
et al., 1993).

Not all studies of the behavioral effects of D3-preferring
antagonists have supported the validity of this model, however.
PD 15225 (44-fold preference D3:D2) decreased locomotor
activity in amphetamine-treated rats (Corbin et al., 1998), and
two studies observed equivalent behavioral effects of D3-
preferring antagonists, U99194A and nafadotride, in wild-type
and D3 receptor mutant mice, suggesting that the observed
behavioral effects are likely mediated by D2 autoreceptors and
not by the D3 receptor (Boulay et al., 1999; Xu et al., 1999).
Furthermore, descriptions of the behavioral phenotype of D3
receptor mutant mice have been variable. Some (Accili et al.,
1996; Xu et al., 1997), but not all (Betancur et al., 2001;
Waddington et al., 2001) groups have reported that D3
knockout mice are transiently hyperactive in a novel environ-
ment. These conflicting results highlight the need for behavioral
characterizations with more selective pharmacological agents.
Recent progress in medicinal chemistry (Austin et al., 2001;
Grundt et al., 2005; Newman et al., 2003) has provided D3
receptor antagonists with greater selectivity than was achievable
in earlier studies. Studies evaluating the behavioral effects of
these more selective D3 receptor antagonists in rats, including
SB 277011-A (100-fold preference) and S33084 (100-fold
preference) did not observe significant effects on spontaneous
or stimulant-induced locomotion (Millan et al., 2000, 2004;
Reavill et al., 2000). The purpose of our study was to compare
the behavioral effects of a highly-selective D3 receptor
antagonist in wild-type and D3 receptor knockout mice.

We observed that NGB 2904 enhanced amphetamine-
stimulated locomotion in wild-type, but not D3 receptor mutant
mice. NGB 2904 (1.0 mg/kg) administered either acutely or
once daily for 7 days also increased spontaneous locomotion in
wild-type, but not D3 receptor mutant mice, suggesting that the
locomotor activating effects are mediated by the D3 dopamine
receptor. The observation that NGB 2904 at a dose of 1.0 mg/kg
had no effect on basal locomotion in D3 receptor mutant mice
and did not produce the biphasic behavioral effects observed
with other D3-preferring antagonists (i.e. locomotor stimulation
at low doses and inhibition at higher doses) suggests that NGB
2904 at a dose of 1 mg/kg does not elicit significant D2 receptor
antagonism. We observed non-significant stimulation of
spontaneous locomotion at low doses (0.026–2.6 μg/kg), no
effect at moderate doses (260–333 μg/kg) and significant
locomotor stimulation at a high dose (1.0 mg/kg). A similarly-
shaped dose-response curve has also been reported for NGB
2904 inhibition of cocaine cue-induced reinstatement of drug-
seeking behavior (Gilbert et al., 2005). This may reflect the
presence of two distinct populations of behaviorally relevant
binding sites for NGB 2904. D3 receptor interactions with other
proteins, including D2/D3 receptor heterodimers, have previ-
ously been reported (Nimchinsky et al., 1997; Scarselli et al.,
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2001) and could account for distinct populations of D3 receptor
binding sites. However, a non-D3 receptor-mediated mecha-
nism for the observed locomotor stimulation at 1.0 mg/kg
cannot be entirely ruled out. Such a mechanism is unlikely,
given the absence of locomotor stimulation in D3 receptor
mutant mice at this dose, but recent reports of compensatory
adaptations in dopamine reuptake in the striatum of D3 receptor
mutant mice should be considered when interpreting the present
results (Le Foll et al., 2005). Alternative mechanisms
underlying the shape of the dose-response curve for augmen-
tation of spontaneous locomotion are possible, and further
studies will be needed to clarify this issue.

Amphetamine-induced locomotion was augmented at a lower
NGB 2904 dosage (26.0 μg/kg) than was required for significant
stimulation of spontaneous locomotor activity (1 mg /kg).
However, it is important to note that similarly low doses (0.026
and 2.6 μg/kg) produced robust, though not statistically
significant, increases in spontaneous locomotor activity in
wild-type, but not D3 receptor mutant mice (Fig. 1A and B). It
appears that the locomotor stimulation resulting from low doses
of NGB 2904 was below the level needed to achieve statistical
significance due to high individual variability and the necessity
of correction for multiple comparisons. Pharmacological
(Levant et al., 1996; Levant and Vansell, 1997) and D3 receptor
knockout (Xu et al., 1997; Zhang et al., 2004) studies have
suggested that rodent locomotor activity is modulated by an
opposing balance of dopamine signaling through D3 (inhibito-
ry) and D1/D2 (stimulatory) receptors. Therefore differences in
the relative degree of D1/D2 receptor stimulation driving
locomotion under the different conditions could contribute to
the higher NGB 2904 dose needed to produce an effect upon
spontaneous locomotion compared to amphetamine-stimulated
locomotion. At basal dopamine concentrations in ventral
striatum (Parsons and Justice, 1992) D1 and D2 receptors are
minimally occupied (Richtand et al., 2001), and complete D3
receptor blockade (high dose antagonist) may be necessary to
produce a measurable locomotor increase. In the presence of
amphetamine, however, D1 and D2 receptors, as well as D3, are
significantly occupied by dopamine (Richtand et al., 2001).
Under such conditions, even partial D3 receptor blockade (low
dose antagonist) may augment locomotor activity. Another
possible explanation for the difference in effective doses of
NGB 2904 required to exert a behavioral effect under the two
conditions may lie in differences in experimental design. In the
evaluation of NGB 2904 effect on spontaneous locomotion,
mice were acclimated to the Residential Activity Chambers
overnight, whereas in the amphetamine study, mice were
acclimated for 1 h. The relative novelty of the testing envi-
ronment is known to significantly influence behavioral and
neural responses to amphetamine (Day et al., 2001). It is
therefore also possible that differences in acclimation time
between the two experiments could have contributed to the
differences in NGB 2904 dose required to exert a behavioral
effect. Finally, it is also possible that NGB 2904 affected the
pharmacokinetic profile of amphetamine. Given the similar time
course of amphetamine-stimulated locomotion in NGB 2904-
and vehicle-treated mice, however, this explanation seems
unlikely. Additional studies would be needed to unambiguously
rule out pharmacokinetic effects.

To assess whether either tolerance or augmented locomotor
response to D3 antagonist treatment developed with repeated
NGB 2904 administration, we compared the locomotor
response on the first treatment day to each subsequent treatment
day, and also examined one-way repeated measures ANOVA
for a main effect of treatment day. We did not observe any
alteration in locomotor response to repetitive NGB 2904
treatment. In contrast, it has been reported that chronic
administration of the D3 receptor antagonist SB-277011-A
decreases activity of midbrain dopamine neurons (Ashby et al.,
2000). Although the behavioral assay employed in our study did
not illuminate a behavioral consequence of repetitive NGB
2904 administration, further study would be needed to more
definitively elucidate the long-term behavioral adaptation to
repetitive D3 receptor blockade.

4.1. Limitations

The results of our study must be interpreted in light of the
known methodological limitations of the techniques employed
in our experiments. Behavioral differences between D3 receptor
knockout and wild-type mice could result from the absence of
D3 receptor function in the knockout mice, but might also be the
result of compensatory adaptation in D3 knockout mice to the
absence of D3 receptor protein; developmental differences
between D3 receptor knockout and wild-type mice, unrelated to
absence of D3 receptor function on the day of behavioral
testing; or the effects of abnormal rearing or social interaction
from D3 receptor knockout mothers (Crawley, 1999). Addi-
tionally, pharmacological studies are limited by the selectivity
of the compounds employed. In contrast with the present
findings, studies of other selective D3 receptor antagonists SB
277011A (Reavill et al., 2000) and S33084 (Millan et al., 2000,
2004) reported no elevation of spontaneous locomotor activity.
However, it is important to note that these studies were
conducted using rats. Indeed, it has been reported that SB
277011A enhances spontaneous horizontal and vertical loco-
motor activity in mice, but not in rats (Gyertyan and Saghy,
2004). We have recently replicated our finding that NGB 2904
increases spontaneous locomotor activity in DBA/2 mice
(McNamara et al., 2006). Collectively, these findings suggest
that locomotor activation is not an idiosyncratic effect of NGB
2904, but rather an effect specific to D3 receptor antagonism in
mice. Furthermore, the D3 receptor may play different roles in
mouse and rat behavior.

It is not known whether the differences between earlier
studies, which demonstrated no effect of selective D3 receptor
antagonists on spontaneous and stimulant-induced locomotion
(Millan et al., 2000, 2004; Reavill et al., 2000), and our findings
are a result of differences in experimental design, drug
selectivity, species tested, or other factors. Our findings also
provide contrast to studies of other behavioral measures
demonstrating D3 receptor-mediated facilitation of movements
in animal models of Parkinson's disease. For example,
sensitization of rotational behavior by levodopa appeared to
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be mediated via increased D3 receptor expression in a rat lesion
model of Parkinson's disease (Guillin et al., 2001). In a monkey
model of Parkinson's disease, D3 receptor expression was
positively correlated with symptoms of levodopa-induced
dyskinesia and negatively correlated with Parkinsonian symp-
toms (Bezard et al., 2003; Guigoni et al., 2005), suggesting that
D3 receptor also facilitates movement in this system. Similarly,
in studies evaluating the D3 receptor role in NMDA receptor
antagonist-induced hyperlocomotion, the partial D3 agonist BP
897 and preferential D3 antagonist nafadotride both prevented
MK-801-induced locomotor hyperactivity in wild-type, but not
D3 receptor mutant mice, suggesting that D3 receptor
stimulation mediates increased locomotor activity following
NMDA receptor blockade (Leriche et al., 2003). In combina-
tion, these divergent findings suggest the possibility that the
differential effects of D3 receptor blockade on locomotor
hyperactivity are due to actions at different D3 receptor
populations. Specifically, increased D3 receptor expression
associated with dyskinesia-like behaviors in rats occurred in the
dorsal striatum, an area of the rat brain where D3 receptor
expression is normally very low (Bordet et al., 1997). D3
receptor protein is more abundant in the primate dorsal striatum,
relative to the rat (Morissette et al., 1998), and one study
demonstrated that repeated treatment with l-DOPA in MPTP-
lesioned monkeys elevated D3 receptor binding in the caudate
nucleus above levels observed in non-lesioned controls
(Guigoni et al., 2005). Therefore, it is possible that stimulation
of D3 receptors located in the ventral striatum inhibits
locomotor activity, whereas ectopic or over-expression of D3
receptors in the dorsal striatum results in an excessive motor
activation. Further studies are needed to propose and test
models accounting for these divergent findings.

Taken together, our findings contribute to a growing body of
data suggesting that NGB 2904 acts as a selective D3 receptor
antagonist in vivo (Gilbert et al., 2005; Xi et al., 2006) and
provides a new and useful tool in elucidating the functional role
of the D3 receptor. Given the high degree of in vitro selectivity of
NGB 2904 and the lack of measurable effect in D3 receptor
mutant mice, our findings provide further support for the
hypothesis that the D3 receptor plays an inhibitory role in the
modulation of certain domains of rodent locomotor behavior. As
with any study using knockout mice, our results must be
interpreted with caution, as it is possible that differences in drug
response between wild-type and knockout mice could have
resulted from compensatory adaptations, rather than from
deletion of the D3 receptor gene. Based on its demonstrated
behavioral effects and in vitro selectivity, NGB 2904 may prove
to be a useful instrument for clarifying the role of the dopamine
D3 receptor in substance abuse, psychosis, and Parkinson's
disease.
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